INTRODUCTION
Mycobacterium avium subspecies paratuberculosis (M. paratuberculosis) is the causative agent of paratuberculosis or Johne's disease (Collins, 1996) . Johne's disease is a chronic debilitating infection that affects a wide range of animals, including both wild and domestic ruminants (Lombard, 2011a) . Two major types of M. paratuberculosis infect ruminants: the S-type, type I, mainly infecting sheep; and the C-type, type II, mainly infecting cattle and other ruminants. Recently, a sublineage of the S-type (type III) has emerged in sheep and camels (Ghosh et al., 2012) . Only molecular approaches can differentiate between the strain types. Clinically infected cows can shed 10 6 -10 8 c.f.u. g 21 in faecal materials, and as little as 10 3 c.f.u. per animal is sufficient to infect other animals through the faecal-oral route (Whittington & Sergeant, 2001 ). Shedding of M. paratuberculosis in faeces of infected animals is intermittent (Raizman et al., 2009) , complicating studies to estimate prevalence and detect the presence of infection. At the late stage of infection, animals suffer from chronic diarrhoea, weight loss, low milk yield and low mortality, which results in significant economic losses to the dairy industry in the USA (Lombard, 2011a) and worldwide (Barrett et al., 2006) . Globally, the prevalence of the disease can range from 3-4 % of the herds in regions with low incidence, such as England (Ç etinkaya et al., 1996) , to more than 90 % of dairy operations in regions of high incidence, such as the USA (Lombard et al., 2013) . Although culturing of faecal samples is considered the gold standard for the diagnosis of Johne's disease in living animals , more recent studies relied on faecal PCR amplification (Sonawane & Tripathi, 2013 ) to overcome problems associated with culturing (e.g. low sensitivity, long periods of incubation). The major objectives of this report are to examine the herd-level prevalence of Johne's disease in an environment where no control strategy has been implemented and to characterize the virulence of M. paratuberculosis isolates with known genetic polymorphisms.
In Egypt, statistics about the prevalence and economic impact of Johne's disease are scarce. In one report, Johne's disease was confirmed in 47 % of dairy cows with diarrhoea from five governorates in Egypt (Salem et al., 2005) . Surprisingly, even healthy animals showed a high prevalence (27 %) (Salem et al., 2005) , indicating the potential underestimation of this disease in Egypt. Despite this earlier report and observations from several field veterinarians, no control measures have been taken to control Johne's disease in this country. With a sensitivity level no more than 50 % for serum ELISA (Collins et al., 2005) or 76 % for faecal PCR in high-shedder animals (Wells et al., 2006) , most of the studies underestimate the true prevalence of Johne's disease. Nevertheless, some of the PCRbased techniques, when combined with other molecular approaches, could be used to genotype strains of M. paratuberculosis (e.g. short sequence repeats, SSRs) (Castellanos et al., 2012; Pradhan et al., 2011) to better track the source of infection. Based on IS900 (Stevenson et al., 2002) , IS1311 (Whittington et al., 1998) and gyrB sequence polymorphisms (Castellanos et al., 2012) , the major groups of M. paratuberculosis strains were identified, along with host associations (type I for sheep and type II for cattle). Fortunately, genome-wide approaches could improve the sensitivity and specificity of assays used to detect Johne's disease (Castellanos et al., 2012) . Recently, several clinical isolates of M. paratuberculosis were subjected to whole genome sequencing, which provided an accurate estimate for strain geographical and host association (Ghosh et al., 2012; Hsu et al., 2011; Wu et al., 2006) , with implications for our understanding of strain evolution (Bannantine et al., 2012) . Genome-based techniques could also provide more targets for developing better markers for tracing the source of M. paratuberculosis infection.
In this study we employed faecal PCR on suspected cases with diarrhoea collected from 13 governorates throughout Egypt in order to examine the ecology of M. paratuberculosis infection. Our analysis indicated a herd-level prevalence of Johne's disease that reached 65.4 %. Culturing of faecal PCR-positive samples resulted in the isolation of eight strains of M. paratuberculosis, which were genotyped to belong to M. paratuberculosis C-type (type II). Full genome sequencing of two isolates, MAP-E1 and MAP-E93, predicted over eight times as many single nucleotide polymorphism (SNP) sites in the genome of strain E1 as in E93 compared with the standard M. paratuberculosis K10 genome. Interestingly, significant differences were identified in the virulence phenotype associated with each isolate in the murine model of paratuberculosis, most likely related to these genotypic differences.
METHODS
Field study and sampling strategy. A total of 1290 of 2576 Holstein cows 24 months or older with chronic diarrhoea suspected of contracting Johne's disease were enrolled in this study. Enrolled animals were raised on 1 of 26 dairy farms in 13 different governorates representing different geographical regions within Egypt (Fig. 1) . Faecal samples from all 1290 animals were screened using PCR to amplify the IS900 target as detailed before (Hines et al., 2007) . Serum samples were collected from a subgroup of these animals (N5120) for further follow-up during the 3 year period of the study. All serum samples were tested for the detection of antibodies against M. paratuberculosis using the ParaChek ELISA kit as per the manufacturer's directions (Biocor Animal Health) (Wells et al., 2006) . Additionally, a total of 334 and 80 faecal samples were collected from two Holstein dairy herds in Al Jizah and Al Buhayrah governorates, respectively, where all cows ¢24 months old were sampled for faecal PCR analysis.
Culturing faecal samples. Farm veterinarians collected faecal samples directly from the rectum of the examined animal. Before culturing, hexadecyl pyridinium chloride (Sigma-Aldrich) was used to decontaminate each PCR-positive faecal sample using a protocol developed previously (Wells et al., 2002) , with some modifications. Briefly, 3 g of each faecal sample was added to 30 ml 1 % HPC and incubated for 18 h at ambient temperature. The upper liquid layer was centrifuged (3200 g for 20 min) and the pellet resuspended in 0.5 ml buffer composed of 0.1 M PBS, 136.9 mM NaCl, 1.46 mM KH 2 PO 4 , 8.1 mM Na 2 HPO 4 ?2H 2 O, and 2.7 mM KCl, pH 7.4, in the presence of 100 mg ml 21 vancomycin, 100 mg ml 21 nalidixic acid and 50 mg ml 21 amphotericin B (Sigma-Aldrich). A 0.2 ml aliquot of each final faecal suspension was used for inoculating culture media. All prepared samples were cultured in two tubes of modified Herrold's egg yolk medium (HEYM) with and without mycobactin J (Allied Monitor) as well as on Middlebrook 7H10 agar plates supplemented with mycobactin J as outlined before (Hines et al., 2007) . Inoculated tubes were incubated at 37 uC for 5 months and examined weekly. Additionally, the Ziehl-Neelsen stain (ZNS) was used to microscopically evaluate colonies resembling M. paratuberculosis . Positive ZNS samples were tested by PCR for confirmation.
PCR assay. All faecal samples were prepared for PCR amplification as described before (Stabel et al., 2004) , with some modifications. Briefly, each faecal sample (3 g) was diluted in 9 ml Tris-EDTA (TE) buffer (10 mM Tris-HCl, 1 mM EDTA; pH 7.6) and centrifuged at 200 g for 30 s, and the supernatant was diluted 1 : 100 in TE buffer. One millilitre of each dilution was centrifuged at 2 500 g for 2 min to obtain pellets that were then resuspended in 500 ml TE buffer and boiled for 10 min. After cooling to room temperature, 4 ml RNase (500 mg ml 21 ) was added to each sample and a total of 5 ml from each preparation was used for the PCR. For colony PCR, a quick protocol for DNA extraction was used as detailed before (Talaat et al., 1997) . The target for PCR amplification included a 229 bp fragment of the IS900 sequence with specific forward (59-CCG CTA ATT GAG AGA TGC GAT TGG-39) and reverse primers (59-AAT CAA CTC CAG CAG CGC GGC CTC G-39), as described previously (Hsu et al., 2011) . Amplification conditions included an initial denaturation at 94 uC for 3 min followed by 50 cycles of denaturation at 94 uC for 60 s, annealing at 60 uC for 60 s and extension at 72 uC for 60 s. A final extension step at 72 uC for 7 min was also employed.
Genotyping of M. paratuberculosis isolates. All M. paratuberculosis isolates were subjected to genotyping using a protocol based on SSRs (Kasnitz et al., 2013) . Representatives of cattle (K10) and sheep (S329) M. paratuberculosis strains were included in the genotype analysis. The loci for SSRs 1-6 and 8-11 were used for genotyping using primers published before (Amonsin et al., 2004) . PCRs consisted of 25 ml, containing 1 M betaine, 50 mM potassium glutamate, 10 mM Tris-HCl pH 8.8, 0.1 % Triton X-100, 2 mM magnesium chloride, 0.2 mM dNTPs, each primer at 0.5 mM, 0.5 U Taq DNA polymerase (Promega) and 5 ml genomic DNA. The amplification conditions included an initial denaturation step of 94 uC for 5 min, followed by 35 cycles of denaturation at 94 uC for 30 s, annealing at 55 uC for 30 s and extension at 72 uC for 1 min, and then followed by a final extension at 72 uC for 7 min (Hsu et al., 2011) . Following PCR, amplicons were cleaned up and processed for sequencing with the BigDye Terminator v3.1 Cycle Sequencing kit (Hsu et al., 2011) . Each amplicon was sequenced from both directions to confirm repeats of each SSR site.
For differentiating between type I and type II isolates, the IS1311 sequence was targeted with gene-specific primers (forward 59-GCG TGA GGC TCT GTG GTG AA-39 and reverse 59-TCA GAG ATC ACC AGC TGC AC-39). PCR products were evaluated by electrophoresis in 2 % agarose gels pre-stained with ethidium bromide (0.5 mg ml
21
). The resulting single-band products of interest were purified and extracted using the Wizard SV Gel and PCR Clean-Up System (Promega). A total of 250-300 ng DNA and 1 U of the restriction enzymes HinfI (NEB) were used in the digestion reactions according to the manufacturer's recommendations. Digestion reactions were assessed using 3 % agarose gels stained with ethidium bromide.
Next-generation whole genome sequencing. Purified genomic DNA (1-5 mg) isolated from each target strain was sent to the University of Wisconsin-Madison Biotechnology Center DNA Sequencing Facility for whole genome sequencing using the Illumina HiSeq 2000 platform. Assembly and analysis of sequencing data were performed with CLC Genomics Workbench version 4.6 (CLCBio). Raw data from two Egyptian cattle isolates, E1 and E93, were assembled against the revised reference strain M. paratuberculosis K10 (Wynne et al., 2010) using CLCBio Genomic Workbench version 5.1. The overall percentage homology between genome sequences was calculated based on the consensus length of each sequenced genome divided by the calculated length of the reference strain and then multiplied by 100. Additionally, the MAUVE algorithm was used to align paired or multiple genomes for comparative purposes, as outlined before (Darling et al., 2004; Perna et al., 1998) . The gapped consensus sequence of each strain was imported to MAUVE for sequence alignment at the default seed weight setting. SNP detection was also performed using the software with a presence frequency ¢50 %. SNPs were used for the phylogenetic analysis. For each genome, loci containing SNPs in E1, E93 and our other previously sequenced strains (Hsu et al., 2011) were tabulated using in-house software. The concatenated SNP files for each strain were aligned with MEGA6 (Tamura et al., 2007) and used to build a neighbour-joining phylogenetic tree with 1000 bootstrap replications.
Murine infection with M. paratuberculosis. BALB/c mice at 3-4 weeks of age were housed in a pathogen-free environment for at least 2 weeks before infection. Groups of BALB/c mice (N515) were infected with M. paratuberculosis Egyptian strains (E1 and E93) by intraperitoneal injection as outlined before (Shin et al., 2006; Wu et al., 2007) . As controls, groups of mice were inoculated with M. paratuberculosis JTC1285 and K10 isolates previously analysed in our laboratory (Hsu et al., 2011) . All M. paratuberculosis strains used in this study had been passaged fewer than five times from the original stock. For animal infection, M. paratuberculosis strains were cultured to mid-exponential phase (OD 600 1.0) and centrifuged at 5000 r.p.m. for 10 min to harvest mycobacterial cells before resuspension in PBS. Each mouse was injected intraperitoneally with~10 8 c.f.u. M. paratuberculosis (~0.5 ml per mouse). Infected mice (n55) were sacrificed at 3, 6 and 12 weeks post-infection, and livers, spleens, intestines and mesenteric lymph nodes were collected for both bacterial counts and histopathological examination. Tissue sections collected for histopathology were preserved in 10 % neutral-buffered formalin before being embedded in paraffin, cut into 4-5 mm sections, and stained with haematoxylin and eosin or the ZiehlNeelsen method for acid-fast staining (Ghosh et al., 2013) . The severity of the inflammatory response in the tissue sections was ranked using a score of 0 (lowest) to 5 (highest) based on lesion size and number per field. All statistical tests of histological scores or c.f.u. to compare between groups were conducted in Microsoft Excel using Student's t-test where a P,0.05 was considered significant.
RESULTS
Ecology of Johne's disease in Egypt Our strategy to characterize the distribution of M. paratuberculosis infection is based on collecting faecal samples from animals that are ¢2 years old and suffering from chronic diarrhoea (suspected to have Johne's disease) from different governorates throughout Egypt. The study sites in 13 governorates included areas of high-density population (Nile Delta) as well as those with a lower population density (Upper Egypt) (Fig. 1) . The initial analysis of 1290 suspected Johne's disease cases (among 2576 Holstein cows) in 26 dairy herds indicated that, on average, 13.6 % of the cases examined were PCR-positive for M. paratuberculosis infection ( Table   Table 1 To identify an alternative protocol for screening herds in Egypt, blood samples from a smaller set of animals (some of them tested by faecal PCR) were tested by ParaCheck ELISA for comparison with the faecal PCR protocol used throughout this study. A total of 12.5 % of the serum samples examined were M. paratuberculosis-positive. Of the 120 animals tested by ELISA, 56 were also screened by faecal PCR (Table 2 ). Both ELISA and PCR gave the same results in 53 cases, 14 positive and 39 negative, suggesting good congruence between the two assays. Interestingly, out of 56 faecal samples screened, only 3 were culture-positive. Two isolates came from PCR-positive animals while only one was isolated from an ELISA-positive sample, another Phylogenetic tree inferred using the neighbourjoining method based on SSR typing of ten loci (Amonsin et al., 2004) . The bootstrap percentages (1000 replicates) are shown next to the branches. The tree is drawn to scale and the evolutionary distances were computed using the maximum composite likelihood method in MEGA6 (Tamura et al., 2013) .
indication of the shortcomings of Johne's disease diagnostic tests.
Genotyping of M. paratuberculosis isolates. To confirm the identity of the isolated colonies, we subjected all isolates to a panel of PCR amplification and restriction enzyme analyses with an M. paratuberculosis K10 control. The target genes for analysis included IS900 and IS1311 sequences. For the first analysis, a partial sequence (229 bp) of the IS900 gene, which has 17 copies encoded in the M. paratuberculosis genome (Moss et al., 1992) , was amplified from all isolates, confirming their identity at the mycobacterial genus level. To further characterize the new isolates, amplicons were obtained for the IS1311 sequences (Whittington et al., 1998) and subjected to HinfI restriction digestion. The resulting digestion patterns suggested that all isolates belong to M. paratuberculosis type II (MAP-C) and not type I, prevalent in sheep (Fig. 2a) .
To further examine the isolate genotypes, we used a protocol based on SSR analysis to compare isolates from this study with other previously characterized isolates (K10 and S397) (Li et al., 2005; Wynne et al., 2010) . Analysis of the SSR genotypes obtained indicated that strains from this study share a type II SSR copy number different from that found in type I isolates (e.g. JQ5 and S397) (Fig. 2b) . Interestingly, all isolates showed profound copy number diversity in SSR1 and SSR2 loci, while one strain (E38) showed more diversity in SSR6 and SSR8. In general, SSR genotyping suggested more strain diversity among isolates from Egypt than was detectable by traditional IS900 or IS1311 analyses.
Whole genome sequencing of M. paratuberculosis isolates. Culturing of faecal samples identified two M. paratuberculosis isolates (among eight primary isolates) with divergent genotypes based on SSR typing (see above). Strains E1 and E93, representatives of these two M. paratuberculosis genotypes circulating in Egyptian dairy herds, were selected for full genome sequencing. Pairedend sequences obtained from an Illumina platform were assembled with reference to the published sequence of M. paratuberculosis K10 (Li et al., 2005) . The genome of both isolates (E1 and E93) showed .98 % homology to the genome of the reference strain. Zero-coverage regions were observed in 46 and 216 loci in the E1 and E93 genomes, respectively. Summary statistics of the reference assembly for both genomes are compiled in Table 3 . To examine large-scale genomic rearrangements, we used the default alignment algorithm found in the software package MAUVE, which was developed to compare the genomes of closely related isolates (Darling et al., 2004) . In this analysis, no regions of insertion or deletion were identified, only SNPs (Fig. 3) .
Interestingly, the number of predicted SNPs for the E1 consensus sequence, 432, was much higher than that predicted for the E93 sequence, 50, when the genomes of both isolates were aligned with reference to the standard M. paratuberculosis K10 strain (Table 3 ). The majority of SNPs (.50 %) are non-synonymous (nSNPs), suggesting a positive selective pressure on the identified genes. Only 12 SNPs are common to both E1 and E93, with the same variant nucleotide; among these, 9 are nSNPs. Changes at the loci of all 12 shared SNPs have been seen in other sequenced type II M. paratuberculosis isolates from locations around the globe (Hsu et al., 2011) and 4 of these SNPs appeared to have the same nucleotide inversion among all the sequenced type II M. paratuberculosis strains (Table 4) . Interestingly, we observed a few SNPs in the PPE and polyketide synthase protein families expected to modulate antigen presentation. Additionally, more SNPs were seen in members of the mce (mammalian cell entry) gene family in both E1 and E93 genomes than in other genes. Based on phylogenetic analysis of SNPs from both strains and others sequenced before by our group (Hsu et al., 2011) , we confirmed the divergence of E1 and E93 strains (Fig. 4) . The whole genome sequences for both isolates are deposited in GenBank under the accession numbers NZ CP010114.1 and NZ CP010113.1.
M. paratuberculosis virulence in murine models
To evaluate the virulence of the M. paratuberculosis E1 and E93 strains recently isolated from Holstein dairy herds, we used the murine model of paratuberculosis (Shin et al., 2006) . Although mice do not suffer from diarrhoea following M. paratuberculosis infection, colonization of liver, spleen and intestine is usually a good indicator of disseminated infection (Hines et al., 2007; Shin et al., 2006) . In addition, a granulomatous reaction (poorly defined aggregates of lymphocytes and macrophages harbouring mycobacteria) is the most characteristic lesion associated with mycobacterial infection in this model (Hines et al., 2007) . In this experiment, each mouse group received approximately 10 8 c.f.u by intraperitoneal injection and organs were harvested at 3, 6 and 12 weeks post-infection. These time points were chosen based on a previous study that found signs of progressive infection in mice at these times following intraperitoneal inoculation (Shin et al., 2006) . The E1 strain, with the highest number of SNPs, displayed a similar colonization pattern to the laboratory-grown strain K10 in liver and intestine at all time points (Fig. 5) . On the other hand, E93 showed a similar colonization pattern to the type II clinical isolate JTC1285 (Hsu et al., 2011) . The disparity in colonization patterns was also noted in the spleen and in mesenteric lymph nodes of infected animals (Fig. 5c, d ). The latter two organs were not collected from mice infected with K10 and JTC1285 isolates.
Histologically, all infected animals showed early granulomatous inflammation (lymphocyte aggregates with a few macrophages) in liver and spleen starting from 3 weeks post-challenge (Fig. 6) , consistent with the characteristics of the murine model of paratuberculosis. Acid-fast bacilli were noticeable only in livers of mice inoculated with E93 and not in livers of mice inoculated with E1. As expected, by 12 weeks post-infection, the regions of granulomatous inflammation increased in size and number as the infection progressed. In general, the inflammatory response and acid-fast bacilli were more noticeable in livers and spleens 
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of mice inoculated with E93 than with E1. Interestingly, Peyer's patches (organized lymphoid organs found in the intestine) were engorged with lymphocytes and more noticeable in mice inoculated with the E1 isolate than in those inoculated with the E93 isolate from 6 weeks onward. Despite using the intraperitoneal model of murine paratuberculosis, the observed signs of disseminated infection (colonization and lesions in liver and spleen) provided evidence for systemic infection and proper inoculation of M. paratuberculosis strains used in the study. Such observations were consistent with earlier characterization of this model in our hands (Hines et al., 2007) .
DISCUSSION
An earlier report of Johne's disease in Egypt indicated the presence of this disease in several herds from three governorates (Salem et al., 2005) . In this report, we investigated the ecological, genomic and virulence characteristics of M. paratuberculosis isolates from 13 governorates representing different geographical and demographic regions within Egypt. PCR testing of faecal samples from animals with chronic diarrhoea indicated the presence of M. paratuberculosis in 13.6 % of the tested animals and a herd prevalence that reached 65.4 %. This prevalence level is considered high, especially considering that Johne's disease in Egypt was only recently identified as a problem for dairy herds (Salem et al., 2005) . It is possible that this high prevalence has resulted from the absence of any efforts to control the infection while importation of dairy cows from Johne's disease enzootic countries continues to increase.
Given the low sensitivity of molecular methods for detecting the presence of M. paratuberculosis infection (de Juan et al., 2006) , the within-herd prevalence of infected animals in Egypt (range 12-40 %) is underestimated and deserves more attention. Notably, our ecological analysis of M. paratuberculosis indicates that it is widespread in both Upper and Lower Egypt regardless of the population density -all the more reason to enact a national control programme. A cornerstone for such a control programme would be to characterize strains causing the infection and devise biosecurity measures to limit the spread of infection. In this report, we examined the genomic features and diversity of M. paratuberculosis isolates and identified their virulence phenotypes. To our knowledge, this is the first attempt to genotype and characterize strains of M. paratuberculosis circulating in Egyptian dairy herds.
Following isolation of M. paratuberculosis from dairy herds, genotyping methods focused on IS900 and IS1311 indicated that recent isolates from Egypt belong to the bovine strain MAP-C, as expected. Unlike in sheep, which can be infected by MAP-C or MAP-S genotypes (Forde et al., 2012; Ghosh et al., 2012) , all cattle isolates in this study were strictly MAP-C-type. However, further genotyping with an SSRbased approach indicated more diversity than was previously thought and provided enough justification for full genome sequencing to uncover further diversity that could not be detected by analysis of limited sequence targets. As expected, whole genome sequences of E1 and E93 isolates of M. paratuberculosis provided higher levels of analysis at a single nucleotide level. One of the isolates, E1, had a high number of SNPs (N5432) relative to the standard reference A phylogenetic tree inferred using the neighbour-joining method based on the predicted SNPs of each strain compared with the M. paratuberculosis K10 reference genome. The numbers at each branch are the bootstraps, and branches corresponding to partitions reproduced in less than 50 % bootstrap replicates are collapsed. The tree is drawn to scale and the evolutionary distances were computed using the maximum composite likelihood method in MEGA6 (Tamura et al., 2013) .
strain of M. paratuberculosis, K10. The other isolate (E93) had only 50 SNPs compared with the reference strain, with only 12 SNPs common between both strains compared with the reference, another indication of divergence among isolates from Egypt. Interestingly, when the mouse model was used to assess virulence of each isolate, we were able to identify significant differences in parameters of virulence for each strain, suggesting the relative attenuation of the E1 strain, which had the higher number of SNPs. It is possible that such attenuation could be related to the divergence from the standard strain.
In mice, mycobacterial colonization levels by the E93 isolate, which had fewer SNPs, were similar to the levels of infection with M. paratuberculosis JTC1285, a recent field isolate from cattle sequenced by our group (Hsu et al., 2011) . In addition, histological analysis of murine tissue indicated another divergence of the frequency and distribution of lesions induced by each of the examined strains. While the E1 strain induced less granulomatous reaction in livers, it provoked more lymphocytic recruitment in the intestine, as indicated by enlarged Peyer's patches. On the contrary, the E93 strain induced more granulomatous reaction in livers, with much less enlargement of Peyer's patches, most likely because of its ability to survive in mesenteric lymph nodes compared with the E1 strain (Fig. 5) . It is possible that more virulent strains of M. paratuberculosis induce stronger responses with more lesions in livers and spleens while damping these responses in lymphatic organs (Peyer's patches) to increase their persistence. More attention needs to be given towards understanding mechanisms behind this and other potential strategies used by M. paratuberculosis to prolong its persistence in the host. All of these observations suggest that M. paratuberculosis is undergoing adaptive changes to fit the Egyptian environment, assuming that the M. paratuberculosis infection has been introduced recently with dairy cow importation from Europe and USA. Given the recent identification of M. paratuberculosis in dairy herds in Egypt (Salem et al., 2005) , recent importation is more likely than a scenario where continuous evolution of M. paratuberculosis within herds has occurred for long periods while the disease went unnoticed. However, with the observed strain divergence at nucleotide level, we should expect to observe a different profile of Johne's disease in Egypt, as confirmed by some field observations (e.g. reduced milk yield with little or no diarrhoea).
Despite the worldwide prevalence of Johne's disease, with documented presence in Europe (Nielsen & Toft, 2009 ), Australia (Eppleston et al., 2014) and the USA (Lombard, 2011b) , little attention has been paid to this disease in the Middle East. In an earlier report examining camels from Saudi Arabia (Ghosh et al., 2012) , isolates of M. paratuberculosis belonging to the MAP-S group were identified, indicating different sources of infection in the two countries despite their geographical proximity. Both the current study in Egypt and that in Saudi Arabia demonstrate the power of genotyping to track the source of infection and postulate a scenario for disease transmission. With the known trend of importing cattle herds from the USA and Europe to Egypt, it is not surprising to see that the isolates identified in this study were of the bovine type, closely related to the cattle isolates from the USA that we previously analysed (Hsu et al., 2011) . However, analysis of more isolates from different regions in the Middle East could improve the epizoological studies, at least at the regional level. It could also decipher the dynamics of Johne's disease transmission among herds raised in neighbouring regions. Overall, our approach of limited genotyping of all isolates followed by targeted whole genome sequencing of divergent isolates has provided us a better understanding of virulence and pathogenesis of M. paratuberculosis. Such an approach could be applied to examining Johne's disease in other countries or examining similar chronic infection in dairy herds.
